We perform a Dalitz plot analysis of the decay D + s → K + K − π + with the CLEO-c data set of 586 pb −1 of e + e − collisions accumulated at √ s = 4.17 GeV. This corresponds to about 0.57 million D ± s D * ∓ s pairs from which we select 14400 candidates with a background of roughly 15%. In contrast to previous measurements we find good agreement with our data only by including an additional f 0 (1370)π + contribution. We measure the magnitude, phase, and fit fraction of K * (892) 0 K + , φ(1020)π + , K * 0 (1430)K + , f 0 (980)π + , f 0 (1710)π + , and f 0 (1370)π + contributions and limit the possible contributions of other KK and Kπ resonances that could appear in this decay. * Deceased 2
I. INTRODUCTION
The decay D + dependent on the range of K + K − invariant mass chosen; the observed yield of non-φ contributions can be larger than 10% [2] . This is an unacceptably large uncertainty for a normalizing mode and we proposed [2] that the branching fraction for D + s → K + K − π + in the neighborhood of the φ peak, without any attempt to identify the φπ + component as such, could be used for D s normalization. Relating the D + s → K + K − π + branching fraction in [2] to the rates for such phase space-restricted subsets requires an understanding of the resonance contributions to the final state. The only published Dalitz plot analysis [3] has been done by E687 [1] using 701 signal events. The FOCUS Collaboration has studied this decay in a Dalitz plot analysis in an unpublished thesis [4] and a conference presentation [5] .
Here we describe a Dalitz plot analysis of D + s → K + K − π + using the CLEO-c data set which yields a sample of over 12, 000 signal candidates. Charge conjugation is implied throughout except where explicitly mentioned. The next section describes our experimental techniques, the third section gives our Dalitz plot analysis formalism, the fourth describes our fits to the data, and there is a brief conclusion.
II. EXPERIMENTAL TECHNIQUE
CLEO-c is a general purpose detector which includes a tracking system for measuring momenta and specific ionization of charged particles, a Ring Imaging Cherenkov detector to aid particle identification, and a CsI calorimeter for detection of electromagnetic showers. These components are immersed in a magnetic field of 1 T, provided by a superconducting solenoid, and surrounded by a muon detector. The CLEO-c detector is described in detail elsewhere [6] .
We reconstruct the D + s → K + K − π + decay using three tracks measured in the tracking system. Charged tracks satisfy standard goodness of fit quality requirements [7] . Pion and kaon candidates are required to have specific ionization, dE/dx, in the main drift chamber within four standard deviations of the expected value at the measured momentum.
We use two kinematic variables to select D + s → K + K − π + decays, the candidate invariant mass m inv ≡ m(
and the beam constrained mass
where m Ds =1968. s signal decays. These underlying events are input to the CLEO-c detector simulation and processed with the CLEO-c reconstruction package. The MC-generated events are required to pass the same selection requirements as data selected in the signal box. We only select the signal-side D s mesons which decay uniformly in the phase space, separating them by charge.
We analyze events on the Dalitz plot by choosing x = m 2 (K + K − ) and y = m 2 (K − π + ) as the independent (x, y) variables. The third variable z = m 2 (K + π + ) is dependent on x and y through energy and momentum conservation. We do not expect any resonant substructure in the K + π + invariant mass; with these Dalitz plot variables any structure in z is due to reflections of structures in x and y. Figure 2 shows the Dalitz plot. Besides the clear φ(1020) and K * (892) signal, no other narrow features are clearly observed. The variation of the population density along the resonance band clearly indicates that these resonances are spin one as the amplitude for a spin-one resonance should have a node in the middle of its band. There is a significant population density in the node region of the φ(1020) resonance, indicating that there is likely to be an additional contribution.
To parametrize the efficiency, ε(x, y), we use a third-order polynomial function with respect to the arbitrary point (x c , y c )=(2,1) (GeV/c 2 ) 2 on the Dalitz plot times threshold functions in each of the Dalitz variables to account for the loss of efficiency at the edges of the Dalitz plot, such that ε(x, y) = ε poly (x, y)T (x)T (y)T (z(x, y)).
Withx = x − x c andŷ = y − y c , the efficiency is the product of the polynomial function,
For each Dalitz plot variable, v (≡ x, y or z) the threshold function is sine-like with
, and E th,v are fit parameters. Each variable v has two thresholds, v min and v max . We expect low efficiency in the regions v ≈ v max only, where one of three particles is produced with zero momentum in the D s meson rest frame and thus has a small momentum in the laboratory frame.
The simulated signal sample is used to determine the efficiency. Table I shows the results of the fit to the entire signal MC sample of D + s → K + K − π + events selected on the Dalitz plot. The polynomial function with threshold factors describes the efficiency shape very well for our sample. We also fit separately the signal MC sub-samples for D
for simulations of early and late datasets, and for tight and loose signal boxes. In cross-checks with sub-samples we fix the threshold parameters to their values from the central fit in order to remove correlations with other polynomial parameters. We find that the variation of the efficiency polynomial parameters is small compared to their statistical uncertainties. In fits to data we use this efficiency shape with fixed parameters, and constrained variation is allowed as a systematic check.
The shape for the background on the Dalitz plot is estimated using data events from a m BC sideband region, |m BC − 1900MeV/c 2 | < 5σ(m BC ). We only consider events from the low mass m BC sideband as the high mass sideband is contaminated by signal events due to initial state radiation. To parametrize the background shape on the Dalitz plot we employ a function similar to that used for the efficiency, shown in Eq. 4. We add incoherently to the polynomial two peaking contributions to represent K * (892) and φ(1020) contributions described with Breit-Wigner functions with floating normalization coefficients, B K * and B φ , respectively. Figure 3 and Table II show results of the fit to the background polynomial function for our sample. We also consider the variation of the background shape parameters for sub-samples, split for D + s and D − s , for earlier and later datasets, and for tight and loose cuts on background selection box. The variation of the shape parameters is small compared to their statistical uncertainties. Furthermore, in fits to data we use the background shape with fixed parameters, and constrained variation is allowed as a systematic cross check. We also allow the size of the narrow resonance contributions to the background to float freely as a systematic variation.
FIG. 3:
Projections of the fit to the background shape described in the text, line, displayed over the data, dots, in the background box.
III. FORMALISM
This Dalitz plot analysis employs the techniques and formalism described in Ref. [10] that have been applied in many other CLEO analyses. We use an unbinned maximum likelihood fit that minimizes the sum over N events:
where P(x, y) is the probability density function (p.d.f.), which depends on the event sample being fit,
The shapes for the efficiency, ε(x, y), and background, B(x, y), are discussed in the previous section. The signal p.d.f. is proportional to the efficiency-corrected matrix element squared, |M(x, y)| 2 . As described above, the signal fraction, f sig , is defined from the invariant mass spectrum. The background term has a relative (1 − f sig ) fraction. The efficiency, signal, and background fractions are normalized separately, 1/N ε = ε(x, y)dxdy, 1/N S = |M(x, y)| 2 ε(x, y)dxdy, 1/N B = B(x, y)dxdy, which provides the overall p.d.f. normalization, P(x, y)dxdy = 1. The matrix element is a sum of partial amplitudes,
where W R depends on the spin of resonance R. The factor Ω R is the angular distribution for the resonance, and the factors F L D and F L R are the Blatt-Weisskopf angular momentum barrier-penetration factors [11] . In our standard fit the complex factor c R = a R e iφ R is represented by two real numbers, an amplitude a R and a phase φ R . These are included in the list of fit parameters and can be left to float freely or fixed.
Assuming the decay chain d → Rc → abc we may write the angular distribution,
where m d is the mass of the decaying particle and m a , m b and m c are the masses of the daughters; m ab , m ac , and m bc are the relevant invariant masses. These expressions for angular distributions can be obtained from covariant-tensor formalism or from orbital momentum partial waves decomposition using Legendre polynomials P L (cos θ), where θ is the angle between particles a and c in the resonance R rest frame.
For regular resonances such as K * (892), φ(1020), K * (1410), K * 2 (1430), etc., we use the standard Breit-Wigner function, 
where P is the decay products' momentum value in the decaying particle rest frame and r R is the effective resonance radius. The form factors F 
where the label V stands for D or R decay vertex, q = P × r V , r V is an effective meson radius, and N L V is a normalization constant defined by the condition F L V (P R × r V ) = 1, where P R is the products' momentum value at m = m R .
The W R parameterization of the f 0 (980), whose mass, m f 0 , is close to the KK production threshold, uses the Flatté [12] formula (15) where ab stands for π 0 π 0 , π + π − , K + K − , and K 0 K 0 , and ρ ab (m) = 2P a /m is a phase space factor, calculated for the decay products momentum, P a , in the resonance rest frame. We use the following isospin relations for the coupling constants Table III , are taken from the BES experiment [13] .
We model a low mass K + π − S wave, also known as κ or K(800), using a complex pole amplitude proposed in Ref. [14] ,
where Table III . One could expect a contribution in the K + K − mass spectrum from the f 0 (980) and a 0 (980) scalar resonances. Their K + K − mass spectra have similar, but not well defined shapes. If both amplitudes are allowed to float simultaneously in the fit, they show a huge destructive interference, which is sensitive to their shape parameters. The f 0 (980) contribution dominates [8] 
IV. FITS TO DATA
First, we analyze our data with the model used by E687 [1] . Their isobar model contains five contributions,
width that is smaller than the world average value from the PDG [8] . Thus we let the mass and width of K * (892) float in the fit. Results are shown in Table IV . In this table and all succeeding tables, the units of the amplitudes are arbitrary (a.u.). We find that the sign of the φ(1020) contribution is opposite to the sign obtained by E687, but all other results are consistent within quoted uncertainties. We find that this fit to our data sample has a poor χ 2 /ν, where ν is the number of degrees of freedom, giving a very small fit probability. The χ 2 is calculated over adaptive bins, similar to our previous analysis [15] . This model does not represent our data well especially in the range of 1.1 < m 
be easily discerned. To check their significance we remove them one-by-one from the total amplitude and check the fit results. In all fits where we remove one resonance the fit quality is degraded, increasing χ 2 /ν by more than 0.6, compared to our central fit. Thus, we assume that all five resonances from E687 model are significant.
In order to get better consistency between the model and data, we try to improve the E687 model by adding contributions from the other known resonances listed in Table III . The results of these fits are shown in Tables V and VI as a variation of the fit parameters with respect to the central case. In all cases the fit quality is improved and each additional resonance has a significant magnitude. We conclude that the five resonance model based on E687 results does not fully describe the data sample. The largest fit quality improvement is achieved in the case of additional S-wave contributions: f 0 (1370); non-resonant (NR); a 0 (1450); and κ. Adding the f 0 (1370) contribution gives the largest improvement of the fit quality, ∆χ 2 = −100 for two fewer degrees of freedom. We consider a six-resonance model, called Model A, containing do not find any additional resonances with significant magnitude, the fit quality does not significantly improve, and thus we take this model for our central result. For each additional resonance we estimate an upper limit on its fit fraction at 90% confidence level, as also shown in Tables VII and VIII. We conclude that the six-resonance Model A p.d.f. gives a good description of our data sample. For Model A we test the resonance shape parameters by floating the mass and width, or two coupling constants in case of f 0 (980), for each resonance. Results of these fits are shown in Tables IX and X. We find that all parameters are consistent with their central fit values used in the fit with Model A.
To estimate systematic uncertainties of the fit parameters, we apply numerous variations to the fitting procedure and look at the change of the fit parameters from the central result. We consider sub-samples where the data is split into earlier and later datasets, D + s and D − s decays, and selected using tight and loose signal boxes. These are shown in Table XI . These results are obtained with fixed parameters for efficiency and background functions from Tables I and II. We also consider fits with floating efficiency or background parameters in Table XII . In these fits all polynomial coefficients for the efficiency or background including resonance background amplitudes float freely, but we fit simultaneously two samples of events for data plus the signal MC efficiency or background box to constrain the variation of the efficiency or background parameters. We also fit allowing the signal fraction to float, and find f sig = 0.8495 ± 0.0070 which is consistent with 0.8490 used in the central fit.
We estimate a systematic uncertainty of the Model A fit parameters by combining the fit results from Tables VII, VIII the uncertainty. The systematic uncertainty is estimated as the mean change from the central fit result, δMean, added in quadrature to the RMS of all variations. The resulting systematic uncertainties on the parameters are given in Table XIII . s pairs from which we select 14400 candidate events with a background of 15%. We compare our results with the previous measurement from E687 using the isobar model and find good agreement with the E687 parameters, as shown in Table IV . We find that all resonances from E687 model are significant and their exclusion degrades the fit quality. However, the fit quality is signficantly improved if we add an additional K + K − resonance to the model. As shown in Tables V and VI, almost any additional resonance or non-resonant contribution improves the agreement with the data. The best improvement is achieved if we add an f 0 (1370)π + contribution. We find that a six-resonance model, containing contributions from K * (892
+ resonances, gives better consistency with our data with χ 2 /ν = 178/117. Tables VII and VIII show that any further additional resonance does not have a significant amplitude, fit fraction, or significantly improve the fit quality and we give upper limits on their fit fractions at the 90% C.L.
In Table IX we show the resonance parameters when they are allowed to float in the fit. We find that the K * (892) width is 5 MeV/c 2 smaller than in PDG. This result is consistent with our observation in the D + → K − π + π + analysis [15] . Other resonance parameters are consistent with their values from the PDG [8] or the BES experiment [13] for f 0 (980).
We estimate a systematic uncertainty on fit parameters from numerous fit variations, 
